Abstract. The tumor necrosis factor receptor (TNFR)-associated factor 4 (TRAF4) is a member of TRAF family proteins that act as major signal transducers of the TNF receptor and the interleukin-1 receptor/Toll-like receptor (IL-1R/TLR) superfamily. TRAF4 has been reported to be overexpressed in various human cancers. However, the exact mechanisms that regulate the expression of TRAF4 still remain elusive. The objective of the present study was to investigate the regulatory mechanism of TRAF4 expression in prostate cancer. We initially identified microRNA-29a (miR-29a) as a possible candidate to bind TRAF4 3' untranslated region (3'UTR) by the algorithm, TargetScan. The expression of TRAF4 mRNA and protein was inversely associated with miR-29a expression in prostate cancer cell lines (LNCaP, DU145 and PC3). TRAF4 expression was reduced by the introduction of mimic miR-29a in LNCaP cells. Luciferase activity from the construct harboring wild-type TRAF4 3'UTR was reduced by the mimic miR-29a and this reduction was diminished by introducing mutations at the predicted miR-29a binding site. On the other hand, TRAF4 was upregulated when transfected with the inhibitor of miR-29a in DU145 and PC3 cells. TRAF4 was significantly upregulated in patients with metastatic prostate cancer compared to those with localized prostate cancer. Furthermore, there was a significant inverse correlation between TRAF4 and miR-29a expression in tumor tissues from radical prostatectomy. Considered together, our results suggest that the tumor suppressor microRNA, miR-29a, is one of the regulators of TRAF4 expression in metastatic prostate cancer.
Introduction
The tumor necrosis factor receptor (TNFR)-associated factors (TRAFs) family of proteins consists of six members (TRAF1, TRAF2, TRAF3, TRAF4, TRAF5 and TRAF6) which act as major signal transducers for the TNFR superfamily as well as the interleukin-1 receptor/Toll-like receptor (IL-1R/TLR) superfamily (1) . A common structural feature of TRAF proteins is a C-terminal TRAF domain (2) and TRAFs are associated with various biological functions including adaptive and innate immunity, embryonic development, stress response and bone metabolism (1, 3) .
TRAF4 was originally identified as cysteine-rich motif associated with RING and TRAF domains (CART1) by differential screening of a cDNA library from lymph node metastasis of breast cancer (4) . Unlike the other TRAF family proteins, the biological role of TRAF4 remains elusive, TRAF4 has been shown to be upregulated in ovarian, bladder, lung adenocarcinoma, small cell lung carcinoma, colon, breast cancers and prostate carcinomas by immunohistochemistry and TRAF4 gene amplification followed by TRAF4 overexpression was detected in ~20% of the cases from six different types of carcinomas (5) . However, the exact mechanism of TRAF4 overexpression in human cancers is still under investigation.
microRNAs (miRNAs) are small non-coding RNAs which negatively regulate gene expression at the post-transcriptional level and are involved in essential cellular functions such as proliferation, differentiation, cell cycle and apoptosis (6) . Differential expression of miRNAs has been observed in several types of cancers and is shown to play an important role in cancer either as oncogenes or tumor suppressors (7) (8) (9) (10) . More specifically, it has been shown that microRNA-29a (miR-29a) is involved in apoptosis (11, 12) , suggesting that its aberrant expression is closely related to cancer. Altered expression of miR-29 family has been observed in multiple cancers including cholangiocarcinoma, non-small lung cancer, nasopharyngeal cancer and acute myeloid leukemia (13) (14) (15) (16) . Furthermore, miR-29a has been reported to be downregulated in hepatocellular carcinoma and acute myeloid leukemia (14, 17) . In prostate cancer, miR-29a has been shown to be downregulated only in castration-resistant prostate cancer compared to benign prostatic hyperplasia (18) , indicating the possibility that miR-29a has a tumor suppressive function in prostate cancer.
Using the algorithm, TargetScan (19), we found that miR-29a is a putative miRNA that binds to the TRAF4 3' untranslated region (UTR). The aim of the present study was to investigate the expression of TRAF4 and miR-29a in localized and metastatic prostate cancer and examine whether TRAF4 expression is regulated by miR-29a in prostate cancer.
Materials and methods

Cells.
The human prostate cancer cell lines (LNCaP, DU145 and PC3) were maintained in RPMI-1640 medium with 10% fetal bovine serum (10% FBS) at 37˚C in a humidified atmosphere containing 5% CO 2 .
RNA extraction and quantitative real-time PCR for mRNA and miRNA. Total RNA was isolated using the miRNeasy kit (Qiagen, Valencia, CA, USA). For mRNA detection, first strand cDNA was made from 1 µg RNA using iScript cDNA synthesis kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA) following the manufacturer's protocol in a total volume of 20 µl. Quantitative real-time PCR (Q-PCR) were carried out as previously described (20) . In brief, the PCR reactions were performed with 0.2 µl of cDNA template in 25 µl of reaction mixture containing 12.5 µl of iQ SYBR-Green Supermix (Bio-Rad Laboratories) and 0.25 µmol/l each primer. PCR reactions were subjected to hot start at 95˚C for 3 min followed by 45 cycles of denaturation at 95˚C for 10 sec, annealing at 60˚C for 30 sec and extension at 72˚C for 30 sec using the CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories). PCR primers were 5'-CCTGGTGCCTTTGAC AATCT-3' (forward) and 5'-CTCAGTGACGTGCTGTGG TT-3' (reverse) for TRAF4 and 5'-GAATATAATCCCAAGC GGTTTG-3' (forward) and 5'-ACTTCACATCACAGCTC CCC-3' (reverse) for TATA binding protein (TBP). TBP was used as an internal control.
For miRNA expression analysis, cDNA was synthesized from 10 ng total RNA using TaqMan MicroRNA reverse transcription kit with miRNA specific RT primer (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's protocol in a total volume of 15 µl. Q-PCR were carried out following the manufacturer's protocol. In brief, the PCR reactions were performed with 1.33 µl of cDNA template in 20 µl of reaction mixture containing 10 µl of TaqMan 2X Universal PCR Master Mix, No AmpErase UNG (Applied Biosystems) and 1 µl of TaqMan MicroRNA assays (20X). PCR reactions were subjected to hot start at 95˚C for 10 min followed by 40 cycles of denaturation at 95˚C for 15 sec and annealing and extension at 60˚C for 60 sec using the CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories). The assay names used in the present study were hsa-miR29a (#000412) and RNU24 (#001001) (Applied Biosystems). RNU24 was used as an internal control. Analysis and folddifferences were determined using the comparative threshold cycle method. All experiments were performed in triplicate and the data presented represents mean ± SD.
Western blot analysis. Western blot analysis was performed as previously described (21) . Briefly, cell lysates were prepared in whole cell lysis buffer (50 mM Tris-HCl pH 7.5, 1% SDS) with 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride and 1X Halt Protease Inhibitor Cocktail (Thermo Fisher Scientific, Rockford, IL, USA) followed by sonication and centrifugation (14,000 rpm). Extracts were quantified using the Bio-Rad protein assay (Bio-Rad Laboratories). Lysates were subjected to SDS-PAGE and transferred to polyvinylidene difluoride membranes (Millipore, Bedford, MA, USA). Membranes were incubated with primary antibodies followed by horseradish peroxidase-conjugated secondary antibodies, and developed with the Super Signal West Dura Extended Duration Substrate kit (Thermo Fisher Scientific). Mouse monoclonal TRAF4 antibody (Origene, Rockville, MD, USA) was used as a primary antibody.
Mimic/inhibitor miRNA treatment. miRIDIAN microRNA mimics and hairpin inhibitors for hsa-miR-29a and controls were purchased from Thermo Fisher Scientific. One day prior to the transfection, cells were seeded without antibiotics at a density of 30-40%. Cells were transiently transfected with each microRNA mimics and hairpin inhibitors (50 nM) using DharmaFECT1 transfection reagent (Thermo Fisher Scientific) according to the manufacturer's protocol with some modification, in which the volume of DharmaFECT1 transfection reagent was reduced to half of the recommended volume to limit toxic effects.
Plasmids. To generate TRAF4 3'UTR reporter construct, the TRAF4 3'UTR region (1319 bp) was generated by PCR using PrimeSTAR MAX DNA polymerase (Takara, Shiga, Japan) from LNCaP genomic DNA. The primers used for amplification were the following: 5'-AATGCTAGCCATGACCTCAGT CAGGCACT-3' (forward) and 5'-ATACTCGAGAACAAATC TGGGAGGTGAGC-3' (reverse). The PCR product was digested with NheI/XhoI and ligated into the same sites of pmirGLO Dual-luciferase miRNA target expression vector (Promega Corp., Madison, WI, USA) to produce pmir-TR4_ WT.
The construct, pmir-TR4_MT, which has mutations at the predicted miR-29a binding sites, were generated by site-directed mutagenesis using the Quick Change XL SiteDirected Mutagenesis kit (Stratagene, La Jolla, CA, USA) with the following oligonucleotides: sense (M1), 5'-CCTCAGGTGC CTCCAATTATGATTTCAGCCCTGGCCCCTG-3'; and antisense (M1), 5'-CAGGGGCCAGGGCTGAAATCATAA TTGGAGGCACCTGAGG-3'. Each sequence is identical to that of pmir-TR4_WT, except for the sequence in bold letters. All constructs were confirmed by sequencing.
Luciferase assay. The pmir-TR4_WT and the pmir-TR4_MT (0.5 µg) were transfected into cells (1x10 5 cells/well in 24-well plates) using Lipofectamine LTX reagent (Invitrogen, Grand Island, NY, USA) with miRIDIAN microRNA mimics for hsa-miR-29a or non-targeting control (final 50 nM). After 48 h, the cells were harvested using Reporter Lysis Buffer (Promega). The luciferase activity of the cell lysate was measured using the Dual-Glo luciferase reporter assay system (Promega) with FLUOstar Omega microplate reader (BMG Labtech, Ortenberg, Germany).
Clinical samples. Surgical specimens from 23 patients with clinically localized prostate cancer, ranging in age from 43 to 70 years (median 59 years) were collected and frozen at the time of radical prostatectomy at the Johns Hopkins Hospital. A preoperative serum PSA was a median of 7.59 (ng/ml) (range, 1.89-29.0). The Gleason score sum (GS) was: 6 (n=15), 7 (n=7) and 9 (n=1), respectively. The use of surgical specimens for molecular analysis was approved by the Johns Hopkins Medicine Institutional Review Boards.
In other experiments, samples from clinically localized prostate cancer (n=20) and soft tissue metastasis (n=20) were obtained at University of Washington. The age range of the patients with clinically localized prostate cancer was 48-75 years (median, 58 years) and a preoperative serum PSA was a median of 7.54 (ng/ml) (range, 2.4-64.0). The GS was: 6 (n=3), 7 (n=14), 8 (n=1) and 9 (n=2), respectively. Soft tissue metastasis was obtained from lymph node (n=8), liver (n=5), adrenal (n=1), bladder (n=1), kidney (n=1), lung (n=1) and pancreas (n=1), respectively. The specimens were used with the approval of the University of Washington Institutional Review Boards.
Statistical analysis. Data are presented as the mean ± SD and statistical differences between two groups of data were analyzed using the Student's t-test. TRAF4 expression levels in each patient group were compared by the Mann-Whitney U test. Correlation between TRAF4 and miR-29a expression were analyzed using the Pearson's correlation coefficient test. Statistical significance was applied to P-values of <0.05.
Results
Expression of TRAF4 and miR-29a in prostate cancer cells.
We first analyzed the TRAF4 expression levels in three different PCa cell lines (LNCaP, DU145 and PC3 cells). TRAF4 was highly expressed in LNCaP cells compared to DU145 and PC3 cells at both mRNA and protein levels ( Fig. 1A and B) . Since miR-29a was predicted to bind TRAF4 3'UTR by the algorithm, TargetScan (19), we examined the expression of miR-29a in these cell lines. As shown in Fig. 1C , high and moderate expression levels of miR-29a were observed in PC3 and DU145 cells, respectively while LNCaP cells exhibited the lowest expression of miR-29a among these cell lines.
Effect of mimic miR-29a on TRAF4 expression in LNCaP cells.
Since we observed an inverse association between TRAF4 and miR-29a expression in PCa cell lines, we next investigated the effect of mimic miR-29a on TRAF4 expression in LNCaP cells in which miR-29a was downregulated and endogenous TRAF4 was expressed. When cells were treated with mimic miR-29a, the expression of TRAF4 was significantly reduced at both mRNA and protein levels in LNCaP cells (Fig. 2) . 
TRAF4 3'UTR is a direct target of miR-29a.
To investigate whether miR-29a binds to the TRAF4 3'UTR, we generated a reporter construct harboring a 1319-bp fragment of the TRAF4 3'UTR downstream of the firefly luciferase gene (Fig. 3A and B) . As shown in Fig. 3C , luciferase activity from pmir-TR4_WT was significantly reduced when mimic miR-29a was co-transfected, and this suppressive effect of miR-29a was attenuated by the introduction of mutation at the predicted miR-29a binding site. These results suggested that miR-29a inhibits the expression of TRAF4 through the direct binding to the TRAF4 3'UTR.
Effect of inhibitor miR-29a on TRAF4 expression in prostate cancer cells.
To confirm the suppressive effect of TRAF4 expression by miR-29a, we treated prostate cancer cells with inhibitor miR-29a. In DU145 and PC3 cells expressing moderate to high levels of miR-29a, the treatment with inhibitor miR-29a increased the expression of TRAF4 at both mRNA and protein levels ( Fig. 4B and C) . On the other hand, no obvious effect was observed by the introduction of inhibitor miR-29a in LNCaP cells in which the expression level of miR-29a was low compared to DU145 and PC3 cells (Fig. 4A) .
Inverse correlation between TRAF4 and miR-29a expression in patients with prostate cancer. We next examined the expression of TRAF4 and miR-29a in prostate tumor samples from radical prostatectomy (n=20) and soft tissue metastasis (n=20). As shown in Fig. 5A , the expression of TRAF4 was significantly higher in samples from metastatic prostate cancer compared to localized prostate cancer. On the other hand, miR-29a expression was significantly lower in metastatic prostate cancer than in localized prostate cancer (Fig. 5B) . Furthermore, there was a significant inverse correlation between TRAF4 and miR-29a expression in localized prostate cancer (n=23).
Discussion
In the present study, we demonstrated that TRAF4 is upregulated and miR-29a is downregulated in metastatic prostate cancer and TRAF4 is a direct target of miR-29a. These results might provide a clue to elucidate the molecular mechanism of prostate cancer progression.
TRAF4 is a unique member of TRAF family proteins which are known to be involved in immunity, inflammation and apoptosis (1) . However, TRAF4 appears to be a distinct member of the TRAF family, and its functional role, especially in cancer, remains under investigation (22) . It was reported that TRAF4 is a positive regulator of bone morphogenetic proteins (BMP) (23) . BMPs are members of the transforming growth factor-β (TGF-β) superfamily and play important roles in embryogenesis and organogenesis. Since BMPs are well known to be involved in the development of bone metastasis in prostate cancer (24) , overexpression of TRAF4 might play an important role in the bone metastasis by activating BMP signaling in prostate cancer. Bone is the most common metastatic site in patients with prostate cancer (25) and the complications from bone metastasis are a major problem when treating patients with prostate cancer. Thus, TRAF4 may represent a novel therapeutic target to treat patients with bone metastasis, and further experiments are required to investigate the role of TRAF4 in the development of bone metastasis.
The exact role of miR-29a in cancer still remains elusive. However, accumulating evidence suggests that miR-29a mainly acts as a tumor suppressor by modulating apoptosis. Interestingly, it has been shown that the expression of miR-29a is repressed by c-Myc, Hedgehog and NF-κB at the transcriptional level (15, 26) . The oncogenic role of c-Myc in prostate cancer has been well studied (27) and it is known that c-Myc is highly upregulated in castration-resistant prostate cancer (28, 29) . Thus, overexpression of TRAF4 through the downregulation of miR-29a by c-Myc might be one of the mechanisms in prostate cancer progression and contribute to the development of bone metastasis.
Nuclear factor-κB (NF-κB) proteins are an important class of transcriptional regulators that sustain the malignant phenotype in inflammation-related cancer (30) . In prostate cancer, the NF-κB activity is reported to be higher in metastatic prostate cancer than in localized disease (31) , and elevated activity of NF-κB is correlated with a poor prognosis in primary prostate cancer (32, 33) . Furthermore, significant deregulation of the NF-κB pathway was identified in metastatic prostate cancer (34) . It has been shown that TRAF4 activates NF-κB through the glucocorticoid-induced TNF-R (GITR) (35) . Considering the suppressive effect of NF-κB on miR-29a transcription (15) , there might be a positive feedback loop from NF-κB to TRAF4 via miR-29a, leading to the progression of prostate cancer.
In summary, we have demonstrated that TRAF4 is overexpressed and miR-29a is downregulated in metastatic prostate cancer. Furthermore, we clearly showed that miR-29a is a negative regulator of TRAF4 through the direct binding at the TRAF4 3'UTR. Although further studies are required to elucidate the functional role of TRAF4, these findings will shed new light on the molecular mechanism of prostate cancer progression and may provide additional insight to develop a novel therapeutic strategy to manage patients with metastatic prostate cancer.
